We demonstrate an affordable low-noise surface plasmon resonance (SPR) instrument based on extraordinary optical transmission (EOT) in metallic nanohole arrays and quantify a broad range of antibody-ligand binding kinetics with equilibrium dissociation constants ranging from 200 pM to 40 nM. This nanohole-based SPR instrument is straightforward to construct, align, and operate, since it is built around a standard microscope and a portable fiber-optic spectrometer. The measured refractive index resolution of this platform is 3.1 × 10 −6 without on-chip cooling, which is among the lowest reported for SPR sensors based on EOT. This is accomplished via rapid full-spectrum acquisition in 10 ms followed by frame averaging of the EOT spectra, which is made possible by the production of template-stripped gold nanohole arrays with homogeneous optical properties over centimeter-sized areas. Sequential SPR measurements are performed using a 12-channel microfluidic flow cell after optimizing surface modification protocols and antibody injection conditions to minimize masstransport artifacts. The immobilization of a model ligand, the protective antigen of anthrax on the gold surface, is monitored in real-time with a signal-to-noise ratio of ∼860. Subsequently, real-time binding kinetic curves were measured quantitatively between the antigen and a panel of small, 25 kDa single-chain antibodies at concentrations down to 1 nM. These results indicate that nanohole-based SPR instruments have potential for quantitative antibody screening and as a general-purpose platform for integrating SPR sensors with other bioanalytical tools.
W ith the completion of the human genome project and the advent of rapid, cost-effective nucleic acid sequencing, scientific and technological interest has shifted from analysis of genes to analysis of the corresponding proteins and, critically, their networks of interactions with other proteins. These protein−protein interactions, from transient, low affinity to stable, high affinity interactions, define much of cellular behavior, and analysis of their interaction networks helps to assign functions to uncharacterized proteins. 1−3 Similarly, during the development of therapeutics, such as antibodies, lead molecules are frequently selected based on their binding kinetics and selectivity for a target ligand, as this single parameter is often predictive of activity in in vitro and in vivo assays. 4, 5 For instance, antibodies that bind and neutralize the protective antigen (PA) of anthrax toxin are protective in animal models and, as a result, are currently undergoing intense clinical development. Analysis of a panel of antibodies neutralizing PA demonstrated that increased affinity for the toxin correlates with enhanced survival in animal models and was the key criterion in selecting a single antibody variant for further development. 6 A number of high-throughput approaches have been developed in order to detect and measure protein−protein binding events. To assess equilibrium binding affinities in an in vivo setting, the yeast two hybrid system provides a sensitive but qualitative in vivo assay in which a productive interaction results in expression of a marker protein, 7 while immunoprecipitation followed by mass spectrometry provides a more quantitative analysis. 8 To more precisely rank equilibrium binding affinities, protein microarrays can measure binding between a protein of interest and a variety of other proteins. 8, 9 However, for a detailed, kinetic analysis of binding between two proteins, surface plasmon resonance (SPR) instruments have become the accepted standard. 10−12 In commercial Biacore SPR instruments, a ligand is immobilized on the gold sensing surface in a flow cell, while buffer containing the analyte flows over the surface. Analyte binding and unbinding to the gold surface modulates the interfacial refractive index, which is measured optically via surface plasmon waves − densityfluctuations of conduction electrons propagating along the gold surface. In the SPR sensing scheme, the on-rate (k a ) is observed as a temporal increase in interfacial index resulting from analyte-ligand binding, while the off-rate (k d ) is detected as signal decay resulting from dissociation and removal of analyte molecules when buffer alone flows over a surface saturated with analyte. Importantly, these kinetic constants are measured without fluorescence or radioactive labeling of the analytes. Furthermore, because the rapid kinetic measurements are performed in a microfluidic flow cell, the analyte consumption can be significantly reduced compared with equilibrium measurements. Because of these key advantages, the growing field of proteomics has concurrently increased the demand for SPR instruments. Commercial SPR instruments, however, suffer from very high cost, low throughput, and the difficulty in screening against membrane-bound receptors 13, 14 and cannot be readily integrated with other bioanalytical tools.
The emerging field of nanoplasmonics has presented a new generation of optical biosensors. Among these, metallic films perforated with nanoholes have been of particular interest, because they can exhibit plasmon-enhanced extraordinary optical transmission (EOT). 15 To generate SPR in Biacore, a flat gold film atop a prism is illuminated at a steep angle in a total internal reflection mode, which complicates optical design, assembly, and alignment. In contrast, nanoholes in gold films can directly launch SPR from normally incident light using a simple illumination setup such as a standard microscope. 16−21 Besides acting as a source of SP waves, nanoholes can concurrently function as nanowells to confine supported lipid bilayer membranes, 22 a scaffold for pore-spanning lipid membranes, 14 nanofluidic channels to transport biomolecules, 23, 24 or as electrodes for electrochemical sensing. 25 Integrating these novel functionalities may justify the added cost of nanofabrication and motivates the development of a general-purpose nanoplasmonic sensing platform. Beyond high-throughput fabrication of metallic nanohole arrays, 21,26−28 however, considerable efforts are required to quantify protein binding kinetics accurately and without artifacts, such as optimizing surface modification protocols (immobilization, blocking, and regeneration), microfluidics, low-noise optical measurements, and data analysis. This work reports detailed procedures of constructing a compact, microscope-based SPR instrument using gold nanohole arrays, disposable microfluidic chips, and a portable spectrometer. With rapid data acquisition and frame averaging, this nanohole-based SPR instrument can quantify a wide range of antibody-ligand binding kinetics with a refractive resolution of 3.1 × 10 −6 .
■ MATERIALS AND METHODS
Fabrication of the Au Nanohole Arrays and Microfluidics. Au nanohole arrays were fabricated using a templatestripping technique, 28, 29 as shown in Figure 1a . A reusable Si template is patterned with deep circular trenches using nanoimprint lithography followed by deep trench Si etching. After cleaning the Si template with a piranha solution (1:1 mixture of sulfuric acid and hydrogen peroxide), a 200 nm-thick Au film was deposited using electron-beam evaporation, forming Au nanohole arrays (Step 1). The diameter of the nanoholes and periodicity of the array are 200 and 500 nm, respectively. A UV-curable optical epoxy (NOA 61, Norland Products) was applied to the Au surface and covered by a microscope slide (Step 2). After UV curing, the Au film, now adhered on the microscope slide with the epoxy, was peeled off (Step 3) and integrated with a polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) microfluidic chip (Step 4). After template stripping, the Si template was reused after cleaning in Au etchant followed by piranha cleaning. Figure 1b shows a A broadband light source illuminates the nanohole array through a 50× objective, and transmitted light is collected using a multimode optical fiber placed underneath the nanohole chip, which is connected to a portable fiber-optic spectrometer. Either analyte or buffer solution is delivered to a microfluidic flow cell using a four-way valve.
scanning electron microscope (SEM) image of templatestripped Au nanohole array. The root-mean-square roughness of the template-stripped Au surface, measured with atomic force microscope, was 0.6 nm (data not shown), and the smooth Au surface improves the SPR detection sensitivity, as previously reported.
28,29 Figure 1c shows a ready-to-use Au nanohole sensor chip that is attached to a 12-channel PDMS microfluidic chip made via soft lithography. 30 The height and width of each channel are 50 and 250 μm, respectively. A plastic cover was used to press the PDMS flow cell against the Au sensor chip for sealing, and no leak was observed during experiments. Inlet and outlet ports consisted of Tygon microtubes (Cole-Parmer, IL) and metal tubes (New England Small Tube Corp., NH).
Optical Measurement Setup and Data Acquisition. The Au nanohole chip assembled with a PDMS microfluidic flow cell was placed on the stage of an upright microscope (Nikon LV100, USA) as shown in Figure 1d . The microtube connects the flow cell and a four-way valve (Cole-Parmer, USA), which selects either an analyte or a buffer solution for injection via syringe pumps (Harvard Apparatus). The PDMS chip forms 12 parallel microfluidic channels above gold nanohole arrays, thus a single sensor chip can be used to measure 12 separate binding events in a sequential manner without surface regeneration. A standard tungsten-halogen lamp illuminates one channel of the nanohole array through a 50× objective (illumination spot size of ∼200 μm), and the transmitted light is collected by a multimode optical fiber (200 μm in core diameter) placed underneath the nanohole chip, which is connected to an uncooled fiber-optic spectrometer (USB4000, Ocean Optics). A linear silicon CCD array inside the spectrometer acquires a full EOT spectrum with an acquisition time of 10 ms. A custom MATLAB script is used to fit a second order polynomial function around the measured EOT peak and automatically calculates the centroid of the peak.
Reagents. Hepes buffered saline (HBS) consists of 10 mM Hepes, 150 mM sodium chloride, buffered to pH 7.2. Recombinant scFv proteins were expressed in the periplasm of E. coli strain BL21, followed by osmotic shock, immobilized metal affinity, and S75 size exclusion chromatographic purification steps, as previously reported. 6 Microbicinchonoinic acid assay (Pierce, Rockford, IL) was used to measure protein concentrations, while SDS-PAGE with GelCode Blue stain reagent (Pierce, USA) was used to verify protein preparation homogeneity and purity. The PA ligand was purchased from List Laboratories (Campbell, USA).
Surface Modification. For antibody-ligand binding reactions, the template-stripped Au surface was functionalized using a mixture of 0.5 mM 2-mercaptoundecanoic acids and 0.5 mM 2-mercaptoethanol solutions to form a self-assembled monolayer with a carboxylated functional group for 48 h at 4°C. After washing with ethanol, the surface was dried with a stream of nitrogen and assembled with the PDMS microfluidic chip. In order to immobilize PA on the surface, a mixture of 0.4 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) (EDC) and 0.1 M N-hydroxysuccinimide (NHS) was flowing in the channel for 7 min to active the carboxylate groups. After washing with HBS for 2 min at a flow rate of 30 μm/min, 100 μg/mL of PA was introduced and incubated for 30 min with a slow flow rate of 3 μL/min for covalent binding to the SAM layer. After another washing with HBS for 2 min, the unbound carboxylate groups were quenched with a 1 M ethanolamine solution for 7 min at a flow rate of 30 μL/min. The surface is then washed by HBS about 15 min until the baseline is stabilized before injecting scFv antibody solutions. For binding kinetic measurement of scFv antibodies, after a 3 min baseline with HBS, different concentrations of scFv antibodies ranging from 1 nM to 100 nM were injected for 3 min followed by HBS washing for dissociation curve measurements for 15 min. Between each antibody binding measurement, the surface was regenerated by flowing 3 M MgCl 2 for 30 s and washed by HBS for at least 3 min. During the kinetic measurements, the flow rate of analyte was kept at 30 μL/min.
■ RESULTS AND DISCUSSION
Optical Properties of Template-Stripped Au Nanohole Arrays. Figure 2a shows optical transmission spectra measured through the Au nanohole array in index-calibrated water-glycerol mixtures with refractive indices (RI) ranging from 1.333 to 1.361. The multiple transmission maxima and minima arise from the interactions between the incident light and the surface plasmons generated on both sides of the Au nanohole film via grating coupling, and their underlying physical mechanisms have been studied by many research groups. 31 The wavelengths at which these maxima and minima occur in periodic nanohole arrays depend on the array periodicity, film thickness, hole size, and hole shape, as well as the refractive index of the substrate and the surrounding medium. Molecular binding on the Au surface modulates the local refractive index, which in turn shifts the positions of these spectral features. Therefore, binding kinetics can be recorded by continually tracking either the transmission peak 19 or the transmission minimum 32 in metallic nanohole arrays. As the RI increases, the transmission peaks around 660 and 770 nm and a transmission minimum around 710 nm all shift toward longer wavelengths. These spectral features originate from the surface plasmons at the interface between Au and the aqueous solution, thus their spectral shifts can be used to monitor molecular binding to the Au surface. In contrast, the transmission minimum and maximum, near 810 and 880 nm, respectively, remain stationary because they are associated with the resonances at the interface between Au and the epoxy substrate, which is not exposed to the solution. For the nanohole design parameters used in this work, the transmission minimum around 710 nm shows the highest sensitivity to the RI changes. As shown in Figure 2b , the measured spectral sensitivity of this transmission minimum, as the bulk RI increases from 1.333 to 1.361, is 481 nm/RIU (refractive index unit).
Optimizing the Signal-to-Noise Ratio. The limit of detection (LOD) is the lowest analyte concentration that can be detected but not necessarily quantitated as an exact value. For direct assays, the LOD is primarily a function of the signalto-noise ratio in the measurement itself and is set in relation to statistical variations in response values for blank samples. A commonly used value is 1 × SD or 3 × SD, where SD is the standard deviation of replicate measurements on blank samples. Therefore, decreasing a noise level is an appropriate strategy to lower the LOD within the same detection scheme.
Hoök's group demonstrated that the background noise level in nanohole SPR sensors can be reduced by collecting and averaging many spectra per unit time, dynamically subtracting the dark spectra in real-time, and using robust peak-analysis algorithms. 32 The background noise in the nanohole SPR instrument primarily comes from the shot noise in the detector, i.e. statistical variation in the number of collected photons. One strategy to reduce the shot noise in time-resolved SPR sensing is to collect optical transmission spectra using a short acquisition time (10 ms in this work) for frequent temporal averaging. The prerequisite for rapid temporal averaging is large photon flux on each detection pixel, which is provided by largearea template-stripped nanohole arrays in this work. By summing up to 200 frames, the noise level can be reduced by more than 10-fold, as shown in Figure 3 . Collecting 200 frames with integration time of 10 ms each corresponds to a temporal resolution of 2 s, which is still sufficient for measuring the binding kinetics of most antibodies. If a faster temporal resolution is desired, the number of averaged frames can be reduced to 50 or 100 with a moderate increase in the shot noise level (Figure 3a) . With 200 averaged spectra, the spectral noise (SD) measured over the course of 1 min is 1.5 × 10 −3 nm. Using the measured bulk refractive index sensitivity of 481 nm/ RIU (Figure 2) , the minimum refractive index resolution that can be resolved by the system is 3.1 × 10 −6 RIU. The noise level may be further reduced by adding temperature controllers for both chip 33 and light source 34 and by using a detector with a higher saturation level (e.g., larger pixel size) and faster frame rates to reduce the shot noise.
PA-scFv Antibody Binding System. A family of singlechain variable fragment (scFv) antibodies, comprised of variants of the parent 14B7 scFv, were employed to assess the ability of the nanohole SPR instrument to sensitively and quantitatively measure binding kinetics to immobilized PA ligand. These antibodies contain one to ten amino acid substitutions relative to 14B7 and were identified by selection for tighter binding variants from random mutagenesis libraries. 6, 35 The interaction between these scFvs and PA has been well-characterized by computational, mutational, and structural approaches. 6, 36, 37 These data show that the 14B7 family of scFvs has a highly conserved structure in spite of large differences in PA binding affinity. 37 Moreover, the complex between the ultrahigh affinity M18 variant and PA domain four shows a buried interface of ∼1700 Å with the antibody heavy and light chain domains each making similar contributions to PA binding (Figure 4a) . 37 These proteins were expressed as recombinant antibody fragments in the periplasm of E. coli strain BL21, followed by purification by sequential osmotic shock, immobilized metal affinity, and size exclusion chromatographic steps. The chromatographic traces from the final purification step are shown in Figure 4b and indicate that all scFv variants were predominantly expressed in the desired monomeric state. The primary peak, with an elution volume of ∼12 mL, was collected, the protein concentration quantified with micro-BCA assay and purity by SDS-PAGE and used in all subsequent experiments.
Time-Resolved SPR Measurements of Antibody− Antigen Binding. The entire process of surface functionalization and ligand immobilization as well as the reversible binding and unbinding of receptor−ligand was monitored with the nanohole-based SPR instrument. The first step for biosensing is the immobilization of antigen on the Au nanohole surface coated with a carboxylated SAM using surface chemistry based on amine coupling, as described in the Materials and Methods section. This entire antigen (PA) immobilization process is monitored from spectral shifts of transmission peaks to quantitatively control and analyze the amount of PA immobilized on the surface as shown in Figure 5a . To minimize mass-transport effects, it is crucial to minimize the number of antigen ligands presented on the surface. Otherwise rebinding of dissociated antibodies can result in measurement of an artifactually slow dissociation rate. However, this low immobilized ligand density also confers a low maximal SPR response, even when the antigen surface is saturated with antibody. The immobilization of PA (83 kDa), which is designed to cover at most about 50% of the gold surface, shifts the SPR spectrum by 1.3 nm (Figure 5a) . The signal-to-noise ratio of this measurement was over ∼860, balancing sensitive detection with minimized rebinding.
After immobilizing the PA on the sensing surface, a family of single-chain variable fragment (scFv) antibodies binding the same PA epitope with affinities ranging from 10 pM to 100 nM were injected through the channel (Figure 5b ). Figure 5c shows kinetic curves of 14B7 antibody binding with various concentrations to the PA immobilized on the surface, while Figure 5d compares the measured binding kinetic curves between the four different scFv molecules and PA. These antibodies are only 25 kDa in size, one-sixth the size of an IgG and one-thirtieth that of a pentameric IgM antibody. Since the SPR response is proportional to the density of the protein layer, molecules with smaller sizes result in smaller SPR responses on a per molecule basis than larger molecules. 38 Because of the smaller molecular weight, the increased distance from the Au surface, and the Antibody−antigen binding rates, 39 i.e. the dissociation rate constant (k d ), association rate constant (k a ), and equilibrium dissociation constant (K D ), are calculated from the kinetic curves shown in Figure 5c ,d and summarized in Table 1 . The nanohole SPR system was able to finely discriminate between antibodies with similar affinities for the same PA ligand, observing the identical affinity ranking and similar quantitative rate data, within an order of magnitude, to that previously measured using a BIAcore3000 system. 6, 35 While the observed association rates are similar for all four scFv antibodies, typical for related antibodies, they exhibit a wide range of dissociation rate constants from 10 −2 to 10 −4 s −1 . These data verify that nanohole-based SPR sensors are capable of measuring binding kinetic curves and calculating kinetic parameters accurately even for small molecules. Moreover, many lead molecules identified during the development of protein therapeutic show k d values within this range, indicating that the nanohole SPR system is suitable for use in drug discovery programs. 13, 40 For SPR systems, device signal (monitored here as spectral shift) depends on the amount of the analyte bound to the sensor surface ( Figure 6 ). Since antibody−antigen interactions are driven by reversible mass action kinetics, the concentration of scFv analyte bound to the surface at equilibrium can be calculated as a function of the injected antibody concentration, 41 with an expected affinity of 76 nM, an Ma# = 1 suggests that the LOD for this new system will be near 76 nM, and thus the antibody should be prepared at concentrations ranging from 76 to 760 nM. Similarly, if we wanted to next analyze the 150 kDa 14B7 IgG, we would expect the LOD to increase roughly in proportion to the 6-fold increase in molecular size, with a new Ma# = 6. Since the 14B7 IgG also has an affinity of ∼11 nM, to determine binding rates with the nanohole SPR sensor, 14B7 concentrations as low as 2 nM would be indicated. This LOD value is at least an order of magnitude lower than previously reported values from EOTbased SPR sensors. 20 Furthermore, while the k d value at the 10 −4 s −1 level could not be determined in the previous work because of the baseline drift, 20 here the problem is addressed by improving the instrumental resolution with the use of large-area gold nanohole arrays and rapid temporal averaging of the EOT spectra.
■ CONCLUSION
We have demonstrated a nanohole-based SPR instrument and quantified kinetic parameters for scFv antibodies binding to their target ligand. Despite its simple optical and mechanical design based on a microscope, an off-the-shelf, uncooled portable spectrometer, and home-built PDMS microfluidic systems, this SPR instrument can resolve refractive index changes down to 3.1 × 10 −6 RIU via rapid frame averaging without requiring a temperature-controlled chip or light source. A prerequisite for the fast data acquisition is the production of large-area gold nanohole arrays with homogeneous optical properties, which is accomplished via template stripping. Surface modification protocols and antibody injection conditions have been optimized to minimize mass-transport artifacts during kinetic measurements. Surface immobilization of PA molecules (83 kDa) was measured in real time with the signal-to-noise ratio of 860. Furthermore, this instrument is capable of quantifying binding kinetics of small antibody fragments (25 kDa) at concentrations as low as 1 nM and measuring kinetic parameters with dissociation constants ranging from 200 pM to 40 nM and dissociation rate constants ranging from 10 −2 to 10 −4 s −1 . Because this SPR instrument is built around a standard microscope and off-the-shelf optical components, it can be readily duplicated by other researchers and provides flexibility to integrate with a variety of sensor chips and optics, including periodic nanoholes, random array of nanoholes, and gratings as well as with high-resolution SPR imaging techniques. 42−46 Furthermore, the nanohole systems enable facile integration of membrane-bound receptors using supported lipid membranes, 22 pore-spanning lipid membranes, 14 ,47 tethered lipid vesicles, 48 or natural cell membranes, 49 Figure 5 . The error terms in k d and k a are from variations in curve fitting. The mass action numbers (Ma#), defined as K d /LOD concentration, are calculated based on the spectral response to a concentration assay shown in Figure 6 . 
